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1. 

SUPPORT STRUCTURE FOR MEMS DEVICE 
AND METHODS THEREFOR 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of and claims priority to 
U.S. patent application Ser. No. 1 1/491,389, filed Jul. 21, 
2006, which claims the benefit of U.S. Provisional Applica 
tion No. 60/702,080, filed Jul. 22, 2005. The disclosures of 
the foregoing applications are hereby incorporated by refer 
ence in their entireties. 

BACKGROUND 

1. Field 
The field of the invention relates to microelectromechani 

cal systems(MEMS). More specifically, the field of the inven 
tion relates to interferometric modulators and methods of 
fabricating such interferometric modulators having Supports 
for moving layers. 

2. Description of the Related Technology 
Microelectromechanical systems (MEMS) include micro 

mechanical elements, actuators, and electronics. Microme 
chanical elements may be created using deposition, etching, 
and/or other micromachining processes that etch away parts 
of substrates and/or deposited material layers or that add 
layers to form electrical and electromechanical devices. One 
type of MEMS device is called an interferometric modulator. 
As used herein, the term interferometric modulator or inter 
ferometric light modulator refers to a device that selectively 
absorbs and/or reflects light using the principles of optical 
interference. In certain embodiments, an interferometric 
modulator may comprise a pair of conductive plates, one or 
both of which may be transparent and/or reflective in whole or 
part and capable of relative motion upon application of an 
appropriate electrical signal. In a particular embodiment, one 
plate may comprise a stationary layer deposited on a substrate 
and the other plate may comprise a metallic membrane sepa 
rated from the stationary layer by an air gap. As described 
herein in more detail, the position of one plate in relation to 
another can change the optical interference of light incident 
on the interferometric modulator. Such devices have a wide 
range of applications, and it would be beneficial in the art to 
utilize and/or modify the characteristics of these types of 
devices so that their features can be exploited in improving 
existing products and creating new products that have not yet 
been developed. 

SUMMARY OF CERTAIN EMBODIMENTS 

The system, method, and devices of the invention each 
have several aspects, no single one of which is solely respon 
sible for its desirable attributes. Without limiting the scope of 
this invention, its more prominent features will now be dis 
cussed briefly. After considering this discussion, and particu 
larly after reading the section entitled “Detailed Description 
of Certain Embodiments' one will understand how the fea 
tures of this invention provide advantages over other display 
devices. 
An embodiment provides a microelectromechanical sys 

tems device including a Substrate having a first electrode layer 
formed thereon, a second electrode, and at least one Support 
structure. The second electrode is spaced apart from the first 
electrode layer by a cavity. The at least one Support structure 
has side Surfaces surrounded by a protective material prevent 
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2 
ing exposure of the side Surfaces to the cavity. The at least one 
Support structure is configured to Support the second elec 
trode layer. 

According to another embodiment, a method is provided 
for making a interferometric modulator device. A Substrate is 
provided. The substrate has a first electrode layer formed over 
the Substrate. At least one Support structure is Surrounded 
with a protective material. A cavity is created between the first 
electrode layer and a movable layer after Surrounding the at 
least one Support structure. 

According to yet another embodiment, an unreleased inter 
ferometric modulator device is provided. The unreleased 
interferometric modulator device includes a Substrate having 
a first electrode layer formed thereon, a sacrificial layer over 
lying the first electrode layer, and a movable layer. The sac 
rificial layer includes at least one Support structure Sur 
rounded by a protective material over an entire side wall 
Surface of the Support structure. A movable layer is positioned 
over the sacrificial layer. 

In accordance with another embodiment, a method is pro 
vided for making a microelectromechanical systems device. 
A substrate is provided. A first electrode layer is formed on 
the substrate. A sacrificial layer is deposited over the first 
electrode layer. At least one annular hole is formed in the 
sacrificial layer and then filled. A second electrode layer is 
deposited over the sacrificial layer after filling the annular 
hole. The sacrificial layer outside annular hole is removed 
after depositing the second electrode layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other aspects of the invention will be readily 
apparent from the following description and from the 
appended drawings (not to Scale), which are meant to illus 
trate and not to limit the invention, and wherein: 

FIG. 1 is an isometric view depicting a portion of one 
embodiment of an interferometric modulator display in 
which a movable reflective layer of a first interferometric 
modulator is in a relaxed position and a movable reflective 
layer of a second interferometric modulator is in an actuated 
position. 

FIG. 2 is a system block diagram illustrating one embodi 
ment of an electronic device incorporating a 3x3 interfero 
metric modulator display. 

FIG. 3 is a diagram of movable mirror position versus 
applied Voltage for one exemplary embodiment of an inter 
ferometric modulator of FIG. 1. 

FIG. 4 is an illustration of a set of row and column voltages 
that may be used to drive an interferometric modulator dis 
play. 

FIG. 5A illustrates one exemplary frame of display data in 
the 3x3 interferometric modulator display of FIG. 2. 

FIG. 5B illustrates one exemplary timing diagram for row 
and column signals that may be used to write the frame of 
FIG.S.A. 

FIGS. 6A and 6B are system block diagrams illustrating an 
embodiment of a visual display device comprising a plurality 
of interferometric modulators. 

FIG. 7A is a cross section of the device of FIG. 1. 
FIG. 7B is a cross section of an alternative embodiment of 

an interferometric modulator. 
FIG. 7C is a cross section of another alternative embodi 

ment of an interferometric modulator. 
FIG. 7D is a cross section of yet another alternative 

embodiment of an interferometric modulator. 
FIG. 7E is a cross section of an additional alternative 

embodiment of an interferometric modulator. 
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FIGS. 8A-8C and 8E-8H are cross sections illustrating a 
sequence of an interferometric modulator having Support 
structures formed of sacrificial material, in accordance with 
an embodiment. 

FIG. 8D is a top view of an opening formed at the stage 
shown in FIG. 8C in the sacrificial material of the embodi 
ment shown in FIGS. 8A-8C and 8E-8H. 

FIG. 9 is a cross section of an interferometric modulator 
formed in accordance with another embodiment. 

FIGS. 10A, 10C, and 10D are cross sections illustrating a 
sequence of forming an interferometric modulator formed in 
accordance with another embodiment. 

FIG. 10B is a cross section of an interferometric modulator 
formed in accordance with yet another embodiment. 

FIGS. 11A-11C are cross sections of an interferometric 
modulator formed in accordance with another embodiment. 

FIGS. 12A, 12C, and 12E-12H are cross-sections illustrat 
ing certain steps in the fabrication of an interferometric 
modulator in accordance with yet another embodiment. 
FIGS. 12B, 12D, and 12I are top views illustrating the inter 
ferometric modulator at certain stages in the fabrication pro 
cess of FIGS. 12A, 12C and 12E-12H. 

DETAILED DESCRIPTION OF CERTAIN 
EMBODIMENTS 

The following detailed description is directed to certain 
specific embodiments of the invention. However, the inven 
tion can be embodied in a multitude of different ways. In this 
description, reference is made to the drawings wherein like 
parts are designated with like numerals throughout. As will be 
apparent from the following description, the embodiments 
may be implemented in any device that is configured to dis 
play an image, whether in motion (e.g., video) or stationary 
(e.g., still image), and whether textual or pictorial. More 
particularly, it is contemplated that the embodiments may be 
implemented in or associated with a variety of electronic 
devices such as, but not limited to, mobile telephones, wire 
less devices, personal data assistants (PDAs), hand-held or 
portable computers, GPS receivers/navigators, cameras, MP3 
players, camcorders, game consoles, wrist watches, clocks, 
calculators, television monitors, flat panel displays, computer 
monitors, auto displays (e.g., odometer display, etc.), cockpit 
controls and/or displays, display of camera views (e.g., dis 
play of a rear view camera in a vehicle), electronic photo 
graphs, electronic billboards or signs, projectors, architec 
tural structures, packaging, and aesthetic structures (e.g., 
display of images on a piece of jewelry). MEMS devices of 
similar structure to those described herein can also be used in 
non-display applications such as in electronic Switching 
devices. 

According to preferred embodiments, an interferometric 
modulator display is provided with Support structures (e.g., 
posts) formed of a sacrificial material. The Support structures 
are formed in the same layer of material that serves as a 
sacrificial layer that is selectively etched to form the optical 
cavity of the interferometric modulator. An annular opening 
is opened in a planar sacrificial layer and filled with a protec 
tive material. The protective material, and optionally an over 
lying mechanical layer, prevent removal of the Surrounded 
sacrificial material during the “release' etch of the sacrificial 
material. The protected sacrificial material then serves as a 
Support for the mechanical or movable layer, and the Sur 
rounding protective material can remain in place or be sub 
sequently removed. 
One interferometric modulator display embodiment com 

prising an interferometric MEMS display element is illus 
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4 
trated in FIG. 1. In these devices, the pixels are in either a 
bright or dark state. In the bright (“on” or “open’) state, the 
display element reflects a large portion of incident visible 
light to a user. When in the dark (“off” or “closed) state, the 
display element reflects little incident visible light to the user. 
Depending on the embodiment, the light reflectance proper 
ties of the “on” and “off” states may be reversed. MEMS 
pixels can be configured to reflect predominantly at selected 
colors, allowing for a color display in addition to black and 
white. 

FIG. 1 is an isometric view depicting two adjacent pixels in 
a series of pixels of a visual display, wherein each pixel 
comprises a MEMS interferometric modulator. In some 
embodiments, an interferometric modulator display com 
prises a row/column array of these interferometric modula 
tors. Each interferometric modulator includes a pair of reflec 
tive layers positioned at a variable and controllable distance 
from each other to form a resonant optical gap with at least 
one variable dimension. In one embodiment, one of the 
reflective layers may be moved between two positions. In the 
first position, referred to herein as the relaxed position, the 
movable reflective layer is positioned at a relatively large 
distance from a fixed partially reflective layer. In the second 
position, referred to herein as the actuated position, the mov 
able reflective layer is positioned more closely adjacent to the 
partially reflective layer. Incident light that reflects from the 
two layers interferes constructively or destructively depend 
ing on the position of the movable reflective layer, producing 
either an overall reflective or non-reflective state for each 
pixel. 
The depicted portion of the pixel array in FIG. 1 includes 

two adjacent interferometric modulators 12a and 12b. In the 
interferometric modulator 12a on the left, a movable reflec 
tive layer 14a is illustrated in a relaxed position at a predeter 
mined distance from an optical Stack 16a, which includes a 
partially reflective layer. In the interferometric modulator 12b 
on the right, the movable reflective layer 14b is illustrated in 
an actuated position adjacent to the optical stack 16b. 
The optical stacks 16a and 16b (collectively referred to as 

optical stack 16), as referenced herein, typically comprise 
several fused layers, which can include an electrode layer, 
such as indium tin oxide (ITO), a partially reflective layer, 
Such as chromium, and a transparent dielectric. The optical 
stack 16 is thus electrically conductive, partially transparent, 
and partially reflective, and may be fabricated, for example, 
by depositing one or more of the above layers onto a trans 
parent substrate 20. The partially reflective layer can be 
formed from a variety of materials that are partially reflective 
Such as various metals, semiconductors, and dielectrics. The 
partially reflective layer can be formed of one or more layers 
of materials, and each of the layers can be formed of a single 
material or a combination of materials. 

In some embodiments, the layers of the optical stack 16 are 
patterned into parallel strips, and may form row electrodes in 
a display device as described further below. The movable 
reflective layers 14a. 14b may beformed as a series of parallel 
strips of a deposited metal layer or layers (orthogonal to the 
row electrodes of 16a, 16b) deposited on top of posts 18 and 
an intervening sacrificial material deposited between the 
posts 18. When the sacrificial material is etched away, the 
movable reflective layers 14a. 14b are separated from the 
optical stacks 16a, 16b by a defined gap 19. A highly conduc 
tive and reflective material Such as aluminum may be used for 
the reflective layers 14, and these strips may form column 
electrodes in a display device. 

With no applied voltage, the gap 19 remains between the 
movable reflective layer 14a and optical stack 16a, with the 
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movable reflective layer 14a in a mechanically relaxed state, 
as illustrated by the pixel 12a in FIG. 1. However, when a 
potential difference is applied to a selected row and column, 
the capacitor formed at the intersection of the row and column 
electrodes at the corresponding pixel becomes charged, and 
electrostatic forces pull the electrodes together. If the voltage 
is high enough, the movable reflective layer 14 is deformed 
and is forced against the optical Stack 16. A dielectric layer 
(not illustrated in this Figure) within the optical stack 16 may 
prevent shorting and control the separation distance between 
layers 14 and 16, as illustrated by pixel 12b on the right in 
FIG.1. The behavior is the same regardless of the polarity of 
the applied potential difference. In this way, row/column 
actuation that can control the reflective vs. non-reflective 
pixel states is analogous in many ways to that used in con 
ventional LCD and other display technologies. 

FIGS. 2 through 5B illustrate one exemplary process and 
system for using an array of interferometric modulators in a 
display application. 

FIG. 2 is a system block diagram illustrating one embodi 
ment of an electronic device that may incorporate aspects of 
the invention. In the exemplary embodiment, the electronic 
device includes a processor 21 which may be any general 
purpose single- or multi-chip microprocessor Such as an 
ARM, Pentium(R), Pentium IIR, Pentium III(R), Pentium IV(R), 
Pentium(R) Pro, an 8051, a MIPSR), a Power PC(R), an 
ALPHAR), or any special purpose microprocessor Such as a 
digital signal processor, microcontroller, or a programmable 
gate array. As is conventional in the art, the processor 21 may 
be configured to execute one or more software modules. In 
addition to executing an operating system, the processor may 
be configured to execute one or more software applications, 
including a web browser, a telephone application, an email 
program, or any other software application. 

In one embodiment, the processor 21 is also configured to 
communicate with an array driver 22. In one embodiment, the 
array driver 22 includes a row driver circuit 24 and a column 
driver circuit 26 that provide signals to a display array or 
panel 30. The cross section of the array illustrated in FIG. 1 is 
shown by the lines 1-1 in FIG. 2. For MEMS interferometric 
modulators, the row/column actuation protocol may take 
advantage of a hysteresis property of these devices illustrated 
in FIG. 3. It may require, for example, a 10 volt potential 
difference to cause a movable layer to deform from the 
relaxed state to the actuated state. However, when the voltage 
is reduced from that value, the movable layer maintains its 
state as the voltage drops back below 10 volts. In the exem 
plary embodiment of FIG.3, the movable layer does not relax 
completely until the voltage drops below 2 volts. Thus, there 
exists a window of applied voltage, about 3 to 7 V in the 
example illustrated in FIG. 3, within which the device is 
stable in either the relaxed or actuated state. This is referred to 
herein as the “hysteresis window' or “stability window. For 
a display array having the hysteresis characteristics of FIG.3, 
the row/column actuation protocol can be designed such that 
during row strobing, pixels in the strobed row that are to be 
actuated are exposed to a voltage difference of about 10 volts, 
and pixels that are to be relaxed are exposed to a Voltage 
difference of close to Zero volts. After the strobe, the pixels 
are exposed to a steady state voltage difference of about 5 
volts such that they remain in whatever state the row strobe 
put them in. After being written, each pixel sees a potential 
difference within the “stability window” of 3-7 volts in this 
example. This feature makes the pixel design illustrated in 
FIG. 1 stable under the same applied voltage conditions in 
either an actuated or relaxed pre-existing State. Since each 
pixel of the interferometric modulator, whether in the actu 
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6 
ated or relaxed state, is essentially a capacitor formed by the 
fixed and moving reflective layers, this stable state can be held 
at a voltage within the hysteresis window with almost no 
power dissipation. Essentially no current flows into the pixel 
if the applied potential is fixed. 

In typical applications, a display frame may be created by 
asserting the set of column electrodes in accordance with the 
desired set of actuated pixels in the first row. A row pulse is 
then applied to the row 1 electrode, actuating the pixels cor 
responding to the asserted column lines. The asserted set of 
column electrodes is then changed to correspond to the 
desired set of actuated pixels in the second row. A pulse is then 
applied to the row 2 electrode, actuating the appropriate pix 
els in row 2 in accordance with the asserted column elec 
trodes. The row 1 pixels are unaffected by the row 2 pulse, and 
remain in the state they were set to during the row 1 pulse. 
This may be repeated for the entire series of rows in a sequen 
tial fashion to produce the frame. Generally, the frames are 
refreshed and/or updated with new display data by continu 
ally repeating this process at Some desired number of frames 
per second. A wide variety of protocols for driving row and 
column electrodes of pixel arrays to produce display frames 
are also well known and may be used in conjunction with the 
present invention. 

FIGS. 4, 5A, and 5B illustrate one possible actuation pro 
tocol for creating a display frame on the 3x3 array of FIG. 2. 
FIG. 4 illustrates a possible set of column and row voltage 
levels that may be used for pixels exhibiting the hysteresis 
curves of FIG. 3. In the FIG. 4 embodiment, actuating a pixel 
involves setting the appropriate column to -V and the 
appropriate row to +AV, which may correspond to -5 volts 
and +5 volts, respectively Relaxing the pixel is accomplished 
by setting the appropriate column to +V, and the appro 
priate row to the same +AV, producing a Zero Volt potential 
difference across the pixel. In those rows where the row 
voltage is held at Zero volts, the pixels are stable in whatever 
state they were originally in, regardless of whether the col 
umn is at +V, or -V. AS is also illustrated in FIG. 4, it 
will be appreciated that Voltages of opposite polarity than 
those described above can be used, e.g., actuating a pixel can 
involve setting the appropriate column to +V, and the 
appropriate row to -AV. In this embodiment, releasing the 
pixel is accomplished by setting the appropriate column to 
-V, and the appropriate row to the same-AV, producing a 
Zero volt potential difference across the pixel. 

FIG. 5B is a timing diagram showing a series of row and 
column signals applied to the 3x3 array of FIG. 2 which will 
result in the display arrangement illustrated in FIG. 5A, 
where actuated pixels are non-reflective. Prior to writing the 
frame illustrated in FIG.5A, the pixels can be in any state, and 
in this example, all the rows are at 0 volts, and all the columns 
are at +5 Volts. With these applied voltages, all pixels are 
stable in their existing actuated or relaxed states. 

In the FIG. 5A frame, pixels (1,1), (1,2), (2.2), (3.2) and 
(3.3) are actuated. To accomplish this, during a “line time' for 
row 1, columns 1 and 2 are set to -5 Volts, and column 3 is set 
to +5 Volts. This does not change the state of any pixels, 
because all the pixels remain in the 3-7 volt stability window. 
Row 1 is then strobed with a pulse that goes from 0, up to 5 
Volts, and back to Zero. This actuates the (1,1) and (1.2) pixels 
and relaxes the (1.3) pixel. No other pixels in the array are 
affected. To set row 2 as desired, column 2 is set to -5 volts, 
and columns 1 and 3 are set to +5 Volts. The same strobe 
applied to row 2 will then actuate pixel (2.2) and relax pixels 
(2.1) and (2.3). Again, no other pixels of the array are 
affected. Row 3 is similarly set by setting columns 2 and 3 to 
-5 volts, and column 1 to +5 Volts. The row 3 strobe sets the 
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row 3 pixels as shown in FIG.5A. After writing the frame, the 
row potentials are Zero, and the column potentials can remain 
at either +5 or -5 volts, and the display is then stable in the 
arrangement of FIG. 5A. It will be appreciated that the same 
procedure can be employed for arrays of dozens or hundreds 
of rows and columns. It will also be appreciated that the 
timing, sequence, and levels of Voltages used to perform row 
and column actuation can be varied widely within the general 
principles outlined above, and the above example is exem 
plary only, and any actuation Voltage method can be used with 
the systems and methods described herein. 

FIGS. 6A and 6B are system block diagrams illustrating an 
embodiment of a display device 40. The display device 40 can 
be, for example, a cellular or mobile telephone. However, the 
same components of display device 40 or slight variations 
thereofare also illustrative of various types of display devices 
Such as televisions and portable media players. 
The display device 40 includes a housing 41, a display 30, 

an antenna 43, a speaker 45, an input device 48, and a micro 
phone 46. The housing 41 is generally formed from any of a 
variety of manufacturing processes as are well knownto those 
of skill in the art, including injection molding and vacuum 
forming. In addition, the housing 41 may be made from any of 
a variety of materials, including, but not limited to, plastic, 
metal, glass, rubber, and ceramic, or a combination thereof. In 
one embodiment, the housing 41 includes removable portions 
(not shown) that may be interchanged with other removable 
portions of different color, or containing different logos, pic 
tures, or symbols. 

The display 30 of exemplary display device 40 may be any 
of a variety of displays, including a bi-stable display, as 
described herein. In other embodiments, the display 30 
includes a flat-panel display, such as plasma, EL, OLED, STN 
LCD, or TFT LCD as described above, or a non-flat-panel 
display, such as a CRT or other tube device, as is well known 
to those of skill in the art. However, for purposes of describing 
the present embodiment, the display 30 includes an interfero 
metric modulator display, as described herein. 
The components of one embodiment of exemplary display 

device 40 are schematically illustrated in FIG. 6B. The illus 
trated exemplary display device 40 includes a housing 41 and 
can include additional components at least partially enclosed 
therein. For example, in one embodiment, the exemplary 
display device 40 includes a network interface 27 that 
includes an antenna 43, which is coupled to a transceiver 47. 
The transceiver 47 is connected to a processor 21, which is 
connected to conditioning hardware 52. The conditioning 
hardware 52 may be configured to condition a signal (e.g., 
filter a signal). The conditioning hardware 52 is connected to 
a speaker 45 and a microphone 46. The processor 21 is also 
connected to an input device 48 and a driver controller 29. The 
driver controller 29 is coupled to a frame buffer 28 and to an 
array driver 22, which in turn is coupled to a display array 30. 
A power supply 50 provides power to all components as 
required by the particular exemplary display device 40 
design. 
The network interface 27 includes the antenna 43 and the 

transceiver 47 so that the exemplary display device 40 can 
communicate with one or more devices over a network. In one 
embodiment, the network interface 27 may also have some 
processing capabilities to relieve requirements of the proces 
sor 21. The antenna 43 is any antenna known to those of skill 
in the art for transmitting and receiving signals. In one 
embodiment, the antenna transmits and receives RF signals 
according to the IEEE 802.11 standard, including IEEE 
802.11(a), (b), or (g). In another embodiment, the antenna 
transmits and receives RF signals according to the BLUE 
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8 
TOOTH standard. In the case of a cellular telephone, the 
antenna is designed to receive CDMA, GSM, AMPS, or other 
known signals that are used to communicate within a wireless 
cell phone network. The transceiver 47 pre-processes the 
signals received from the antenna 43 so that they may be 
received by and further manipulated by the processor 21. The 
transceiver 47 also processes signals received from the pro 
cessor 21 so that they may be transmitted from the exemplary 
display device 40 via the antenna 43. 

In an alternative embodiment, the transceiver 47 can be 
replaced by a receiver. In yet another alternative embodiment, 
the network interface 27 can be replaced by an image source, 
which can store or generate image data to be sent to the 
processor 21. For example, the image source can be a digital 
video disc (DVD) or a hard-disc drive that contains image 
data, or a software module that generates image data. 
The processor 21 generally controls the overall operation 

of the exemplary display device 40. The processor 21 receives 
data, such as compressed image data from the network inter 
face 27 or an image source, and processes the data into raw 
image data or into a format that is readily processed into raw 
image data. The processor 21 then sends the processed data to 
the driver controller 29 or to the frame buffer 28 for storage. 
Raw data typically refers to the information that identifies the 
image characteristics at each location within an image. For 
example, such image characteristics can include color, Satu 
ration, and gray-scale level. 

In one embodiment, the processor 21 includes a microcon 
troller, CPU, or logic unit to control operation of the exem 
plary display device 40. The conditioning hardware 52 gen 
erally includes amplifiers and filters for transmitting signals 
to the speaker 45, and for receiving signals from the micro 
phone 46. The conditioning hardware 52 may be discrete 
components within the exemplary display device 40, or may 
be incorporated within the processor 21 or other components. 
The driver controller 29 takes the raw image data generated 

by the processor 21 either directly from the processor 21 or 
from the frame buffer 28 and reformats the raw image data 
appropriately for high speed transmission to the array driver 
22. Specifically, the driver controller 29 reformats the raw 
image data into a data flow having a raster-like format. Such 
that it has a time order Suitable for scanning across the display 
array 30. Then the driver controller 29 sends the formatted 
information to the array driver 22. Although a driver control 
ler 29, such as a LCD controller, is often associated with the 
system processor 21 as a stand-alone Integrated Circuit (IC), 
Such controllers may be implemented in many ways. They 
may be embedded in the processor 21 as hardware, embedded 
in the processor 21 as Software, or fully integrated in hard 
ware with the array driver 22. 

Typically, the array driver 22 receives the formatted infor 
mation from the driver controller 29 and reformats the video 
data into a parallel set of waveforms that are applied many 
times per second to the hundreds and sometimes thousands of 
leads coming from the display's X-y matrix of pixels. 

In one embodiment, the driver controller 29, array driver 
22, and display array 30 are appropriate for any of the types of 
displays described herein. For example, in one embodiment, 
the driver controller 29 is a conventional display controller or 
a bi-stable display controller (e.g., an interferometric modu 
lator controller). In another embodiment, the array driver 22 
is a conventional driver or a bi-stable display driver (e.g., an 
interferometric modulator display). In one embodiment, the 
driver controller 29 is integrated with the array driver 22. 
Such an embodiment is common in highly integrated systems 
Such as cellular phones, watches, and other Small area dis 
plays. In yet another embodiment, the display array 30 is a 
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typical display array or a bi-stable display array (e.g., a dis 
play including an array of interferometric modulators). 
The input device 48 allows a user to control the operation of 

the exemplary display device 40. In one embodiment, the 
input device 48 includes a keypad, such as a QWERTY key 
board or a telephone keypad, a button, a Switch, a touch 
sensitive screen, or a pressure- or heat-sensitive membrane. In 
one embodiment, the microphone 46 is an input device for the 
exemplary display device 40. When the microphone 46 is 
used to input data to the device, voice commands may be 
provided by a user for controlling operations of the exemplary 
display device 40. 
The power supply 50 can include a variety of energy stor 

age devices as are well known in the art. For example, in one 
embodiment, the power supply 50 is a rechargeable battery, 
Such as a nickel-cadmium battery or a lithium ion battery. In 
another embodiment, the power supply 50 is a renewable 
energy source, a capacitor, or a Solar cell including a plastic 
Solar cell, and Solar-cell paint. In another embodiment, the 
power supply 50 is configured to receive power from a wall 
outlet. 

In some embodiments, control programmability resides, as 
described above, in a driver controller which can be located in 
several places in the electronic display system. In some 
embodiments, control programmability resides in the array 
driver 22. Those of skill in the art will recognize that the 
above-described optimizations may be implemented in any 
number of hardware and/or software components and in Vari 
ous configurations. 
The details of the structure of interferometric modulators 

that operate in accordance with the principles set forth above 
may vary widely. For example, FIGS. 7A-7E illustrate five 
different embodiments of the movable reflective layer 14 and 
its supporting structures. FIG. 7A is a cross section of the 
embodiment of FIG. 1, where a strip of metal material 14 is 
deposited on Orthogonally extending Supports 18. The Sup 
ports 18 can comprise isolated posts or continuous walls. For 
example, the Supports 18 can include linear rails that Support 
crossing strips of mechanical or movable material, and/or 
isolated posts. In one example, rails provide primarily Support 
and posts within each cavity serve to stiffen the mechanical 
layer. 

In FIG. 7B, the moveable reflective layer 14 is attached to 
supports at the corners only, on tethers 32. In FIG. 7C, the 
moveable reflective layer 14 is suspended from a deformable 
layer 34, which may comprise a flexible metal. The deform 
able layer 34 connects, directly or indirectly, to the substrate 
20 around the perimeter of the deformable layer 34. These 
connections are herein referred to as Support posts. The 
embodiment illustrated in FIG. 7D has support post plugs 42 
upon which the deformable layer 34 rests. The movable 
reflective layer 14 remains suspended over the gap, as in 
FIGS. 7A-7C, but the deformable layer 34 does not form the 
support posts by filling holes between the deformable layer 
34 and the optical stack 16. Rather, the support posts are 
formed of a planarization material, which is used to form 
support post plugs 42. The embodiment illustrated in FIG.7E 
is based on the embodiment shown in FIG. 7D, but may also 
be adapted to work with any of the embodiments illustrated in 
FIGS. 7A-7C, as well as additional embodiments not shown. 
In the embodiment shown in FIG. 7E, an extra layer of metal 
or other conductive material has been used to form a bus 
structure 44. This allows signal routing along the back of the 
interferometric modulators, eliminating a number of elec 
trodes that may otherwise have had to be formed on the 
substrate 20. 
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10 
In embodiments such as those shown in FIG. 7, the inter 

ferometric modulators function as direct-view devices, in 
which images are viewed from the front side of the transpar 
ent substrate 20, the side opposite to that upon which the 
modulator is arranged. In these embodiments, the reflective 
layer 14 optically shields the portions of the interferometric 
modulator on the side of the reflective layer opposite the 
substrate 20, including the deformable layer 34. This allows 
the shielded areas to be configured and operated upon without 
negatively affecting the image quality. Such shielding allows 
the bus structure 44 in FIG. 7E, which provides the ability to 
separate the optical properties of the modulator from the 
electromechanical properties of the modulator, such as 
addressing and the movements that result from that address 
ing. This separable modulator architecture allows the struc 
tural design and materials used for the electromechanical 
aspects and the optical aspects of the modulator to be selected 
and to function independently of each other. Moreover, the 
embodiments shown in FIGS. 7C-7E have additional benefits 
deriving from the decoupling of the optical properties of the 
reflective layer 14 from its mechanical properties, which are 
carried out by the deformable layer 34. This allows the struc 
tural design and materials used for the reflective layer 14 to be 
optimized with respect to the optical properties, and the struc 
tural design and materials used for the deformable layer 34 to 
be optimized with respect to desired mechanical properties. 

Layers, materials, and/or other structural elements may be 
described herein as being “over.” “above.” “between etc. in 
relation to other structural elements. As used herein, these 
terms can mean directly or indirectly on, over, above, 
between, etc., as a variety of intermediate layers, material, 
and/or other structural elements can be interposed between 
structural elements described herein. Similarly, structural ele 
ments described herein, Such as Substrates or layers, can 
comprise a single component (e.g., a monolayer) or a multi 
component structure (e.g., a laminate comprising multiple 
layers of the recited material, with or without layers of addi 
tional materials). Use of the term “one or more' with respect 
to an object or element does not, in any way, indicate the 
absence of a potential plural arrangement of objects or ele 
ments for which the term is not used. The term “microelec 
tromechanical device as used herein, refers generally to any 
Such device at any stage of manufacture. 

FIGS. 8A-8C and 8E-8H are cross-sectional views, illus 
trating an exemplary method of forming an interferometric 
modulator having Support structures that are protected from 
Subsequent processing. For example, a protective liner can 
protect the support structures from a “release' etch that forms 
the MEMS cavity. In this instance, the support structures can 
be formed from the same sacrificial material that fills the 
cavity prior to the release etch. 

According to this embodiment, an optical stack 16. Such as 
the ones shown in FIGS. 7A-7E, is formed on a transparent 
substrate 20. As discussed above, the optical stack 16 typi 
cally comprises several integrated or fused layers, including a 
first electrode layer 110, such as ITO, a partially reflective 
layer 120, such as chromium, and a dielectric layer 130. The 
layers of the optical stack 16 are preferably patterned into 
parallel strips to form row electrodes. Typically, as shown in 
FIG. 8A, the layers of the optical stack 16 are deposited onto 
a transparent substrate 20, preferably deposited by conven 
tional deposition techniques, such as, for example, some form 
of Sputtering, physical vapor deposition (PVD), chemical 
vapor deposition (CVD), spin-on dielectric (SOD) and spin 
on glass (SOG). The dielectric layer 130 of the optical stack 
16 is preferably formed of silicon dioxide (SiO2). In other 
arrangements, the dielectric layer 130 is formed of other 
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insulating materials and can optionally include one or more 
etch stop layers to protect the optical stack 16 from subse 
quent etch steps. AS is understood by the skilled artisan, etch 
stop layers are highly resistant to certain etching techniques 
to protect the material over which it is formed. Suitable mate 
rials for etch stop layers include, for example, Al2O, tita 
nium, tungsten, amorphous silicon, germanium, and combi 
nations thereof. 

According to this embodiment, formation of the optical 
stack 16 is followed by deposition of a sacrificial material 140 
over the dielectric layer 130, as shown in FIG. 8B. The sac 
rificial material 140 is preferably deposited (and later selec 
tively removed) over the optical stack 16 to define a resonant 
optical cavity 180 (FIG.8H) between the optical stack 16 and 
the movable layer 170 (FIG. 8H) that will be deposited over 
the sacrificial material 140. The thickness of the sacrificial 
material 140 is thus selected for a particular choice of 
reflected color in the relaxed condition. In other arrange 
ments, multiple thicknesses are deposited to produce multiple 
different colors, such as red, green, and blue for an RGB 
display system. In an exemplary embodiment, a modulator 
having a cavity with the largest height (formed by a sacrificial 
layer having the greatest thickness) reflects red light, a modu 
lator having a cavity with an intermediate height (formed by 
a sacrificial layer having an intermediate thickness) reflects 
green light, and a modulator having a cavity with the Smallest 
height (formed by a sacrificial layer having the Smallest thick 
ness) reflects blue light. Though not separately illustrated, the 
skilled artisan will readily appreciated that the post formation 
techniques disclosed herein are equally applicable to mono 
chromatic devices and multicolor interferometric modulators 
with multiple different thicknesses of sacrificial materials. 

The sacrificial material 140 preferably comprises an inor 
ganic material. Organic Support structures have been pro 
vided in interferometric modulator displays because the 
organic Support structure can be made to be very co-planar 
with the sacrificial layer. However, the skilled artisan will 
appreciate that, in interferometric modulators, organic Sup 
port structures can lead to color shift and image retention 
problems associated with thermal stability and creep. Thus, 
inorganic Support structures that can be made to be co-planar 
with the sacrificial layer would help to minimize the color 
shift and image retention problems of the organic Support 
structures. However, the skilled artisan will appreciate that 
the sacrificial material 140 can comprise an organic material. 
If the sacrificial material 140 is organic, O plasma or down 
stream O. can be used to remove the organic sacrificial mate 
rial 140. 

According to one embodiment, the sacrificial material 140 
may comprise silicon (Si). In other embodiments, this sacri 
ficial material 140 may be formed of a metal, such as molyb 
denum (Mo), tungsten (W), titanium (Ti), and tantalum (Ta). 
In yet another embodiment, the sacrificial material 140 may 
be formed of silicon-rich silicon nitride. All of these sacrifi 
cial materials can be selectively etched by fluorine-based 
etchants, relative to the exposed dielectric and electrode 
materials, but the skilled artisan will readily appreciate that 
other sacrificial materials can be used with other selective 
etch chemistries. Advantageously, silicon and the metals 
listed above provide more robust support than photoresist, 
and are particularly susceptible to selective etching by expo 
sure to XeF. 
As shown in FIG. 8C, in this embodiment, interferometric 

modulator structure production is continued by patterning 
and etching openings 150 in the sacrificial material 140. The 
openings 150 are preferably in the form of annular holes, as 
shown in FIG. 8D, which is a top view of an opening 150. 
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While the illustrated shape is round, the skilled artisan will 
understand that the openings may beformed in other enclosed 
or continuous shapes to Surround a portion of the sacrificial 
material 140 that will form a support structure, including 
posts and elongated rails, of the device, as will described in 
more detail below. It will be understood that, as illustrated in 
FIG. 8C, the widths of the grooves of the openings 150 is 
much smaller than the diameter or width of the support struc 
ture to be formed. However, the skilled artisan will appreciate 
that for Support structures having a smaller diameter or width 
(e.g., <4-5 microns), the widths of the grooves of the openings 
150 will be substantially on the same order as the diameter or 
width of the support structures. 
As illustrated in FIG. 8E, a protective material 160 is 

deposited over the structure to fill the openings 150 with the 
protective material 160. Suitable materials for the protective 
material include, but are not limited to, self-planarizing mate 
rial, such as photoresist, spin-on dielectric (SOD), etc. These 
materials are self-planarizing as they are deposited by a spin 
on deposition process. Moreover, both photoresist materials 
and silicon oxide based SODs are resistant to fluorine-based 
etchants. Other suitable materials for the protective material 
160 include photo-sensitive polyimide, color pigment for 
color filter application, BCB (benzocyclobutene, commer 
cially available from Dow Chemical Co. of Midland, Mich.), 
and spin-on low-k materials. As shown in FIG. 8E, as a result 
of this deposition, a layer of the protective material 160 is 
formed over the structure in addition to filling the openings 
150. The skilled artisan will appreciate that a protective mate 
rial 160 formed of a photoreactive polymer, such as photore 
sist, can be irradiated, rendering the protective material 160 
resistant to conditions suitable for etching, ashing, or other 
wise removing the sacrificial material 140, which will be 
described in more detail below. 
The protective material 160 and the sacrificial material 140 

are preferably selected such that the sacrificial material 140 is 
selectively and/or preferentially etchable over the protective 
material 160. Selectivity is such that the protective material 
160 will not wear away to expose protected portion (which 
will form the support structure) of the sacrificial material 140 
over the course of a release etch (which depends on the 
geometry, etchant, materials, etc.). The sacrificial material 
140 is selectively or preferentially etchable relative to the 
protective material 160 if an etchant can etch the sacrificial 
material 140 at a substantially greater rate than the protective 
material 160 (e.g., at a rate of greater than about 5x, prefer 
ably greater than about 10x, and more preferably greater than 
about 40x the rate of etching of the protective material 160). 
The protective material 160 is thus substantially resistant to 
etching under conditions under which the sacrificial material 
140 is substantially susceptible to etching. Those skilled in 
the art will understand that the selection of the sacrificial 
material 140 and the protective material 160 will depend on a 
variety of factors, including the methods and conditions used 
to deposit the materials (which can affect the physical and/or 
chemical properties of the materials), and the etching condi 
tions (including the nature of the etching process and the 
particular etchant used) during removal of the sacrificial 
material. Those skilled in the art will also understand that all 
materials are etchable under the appropriate conditions and 
that the description herein of a material as selectively or 
preferentially etchable or etch resistant is in comparison with 
other materials present in the device under the particular 
conditions to which the materials are exposed. Thus, in many 
instances, the selection of a sacrificial material that is selec 
tively or preferentially etchable relative to a protective mate 
rial is determined empirically, under controlled conditions. 
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Alternatively, a wide variety of etching methods, systems, 
and materials that provide for selective etching of materials of 
interest are known in the art and/or commercially available. 
The skilled artisan will understand that the protective material 
160 may be deposited by various methods well known in the 
art, including, for example, CVD, PVD, and sputtering. 
The skilled artisan will appreciate that the thickness of the 

layer of the protective material 160 (which is selected by the 
dimensions of the annular opening 150) depends on the thick 
ness of the sacrificial material 140. For example, if the sacri 
ficial material 140 is thicker, then the layer of protective 
material 160 is preferably also thicker. As mentioned above, 
the thickness of the sacrificial material 140 will affect the 
colors produced and that the colors produced also depend on 
other material properties of the sacrificial material 140. 
According to a preferred embodiment, the layer of protective 
material 160 has a thickness that is about /2 to twice the 
thickness of the sacrificial material 140. The layer of protec 
tive material 160 preferably has a thickness (from the top 
surface of the sacrificial material 140 to the top surface of the 
protective material 160) in the range of 500 A to one micron, 
more preferably in the range of 1000-3000 A, and even more 
preferably about 2000 A. 

Additional steps according to this method are illustrated in 
FIGS. 8F-8H. According to this embodiment, the protective 
material 160 is etched back completely to the top surface of 
the sacrificial material 140 such that the protective material 
160 is left only in the openings 150, as shown in FIG.8F. 

It will be understood that the portions of the sacrificial 
material 140 that are surrounded by the protective material 
160 will serve as support structures or rails of the device. The 
skilled artisan will appreciate that, preferably, the sacrificial 
material 140, especially the portions surrounded by the pro 
tective material 160, is not harmed when the protective mate 
rial 160 is etched because the thickness of the sacrificial 
material 140 determines not only the height of the support 
structures or posts but also the height of the resonant optical 
cavity 180 (FIG. 8H) that will be created. A change in the 
height of the cavity 180 will affect the color(s) reflected by the 
device. 
The skilled artisan will appreciate that, for example, if the 

protective material 160 comprises photoresist, a selective 
etch can be used to selectively remove the protective material 
160 from the top surface of the sacrificial material 140 with 
out harming the typical sacrificial materials 140 (e.g., silicon, 
molybdenum). Alternatively, an etch-stop layer can be depos 
ited to protect the sacrificial layer 140. The etch can also be 
timed to avoid etching the protective material 160 in the 
openings 150. Optionally, a photoresist mask is preferably 
used to cover the openings 150 so that the planarization 
material 160 in the openings 150 is not etched away. For 
example, a reticle can be used to selectively develop the resist 
in the openings 150 (or resist outside the openings 150) and 
then the protective material 160 is selectively removed from 
the top surface of the sacrificial material 140. Alternatively, an 
inverse mask pattern to the mask used to define the openings 
150 can be formed by using the same reticle with a negative 
photoresist rather than the positive photoresist used to define 
the openings 150, or vice versa. An over- or under-exposure 
ensures full coverage despite Small misalignments. 
The skilled artisan will appreciate that, alternatively, a 

backside exposure process may be used with a negative pho 
toresist mask, resulting in the structure shown in FIG. 8F. 
According to this embodiment, the protective material 160, 
which is preferably formed of a negative photoresist, in the 
openings 150 is exposed to light from the backside of the 
structure through the substrate 20. The light causes the pro 
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14 
tective material 160 in the openings 150 to harden. The por 
tion of the protective material 160 over the top surface of the 
sacrificial material is not exposed to the light because the 
sacrificial material 140 is preferably not transparent, thereby 
shielding that portion of the protective material 160 from 
exposure to the light. The unexposed protective material 160 
on the top surface of the sacrificial material 140 is then devel 
oped for removal, resulting in the structure shown in FIG.8F. 
The skilled artisan will appreciate that, in this embodiment, 
molybdenum is a preferred material for sacrificial material 
140 because it is not transparent, whereas silicon is less 
preferred as a negative photoresist material because it is semi 
transparent. Other preferred materials for the sacrificial mate 
rial 140 include Ti, W, and Ta. 

According to one embodiment, the openings 150 have a 
uniform height to form Support structures having a uniform 
height. In accordance with another embodiment, the openings 
150 have varying heights to form Support structures having 
varying heights for a multicolor display. The skilled artisan 
will understand that the attached Figures are drawn illustrate 
the sequence of steps described herein and are not drawn to 
scale. 

After the protective material 160 is etched, a movable layer 
170 is preferably deposited (and subsequently patterned and 
etched) over the structure to form the pre-release or unre 
leased structure illustrated in FIG. 8G. It will be understood 
that the illustrated embodiment in FIG. 8G shows a movable 
layer 170 deposited over the structure shown in FIG.8F. In the 
illustrated embodiment, the movable layer 170 functions as a 
movable reflective layer or second electrode as well as a 
mechanical layer, and thus may be referred to as a mechanical 
layer, a movable layer, a deformable layer, and/or electrode. 
The movable layer 170 may comprise a fully reflective, flex 
ible metal, as shown in FIGS. 7A, 7B, and 8H, or it may 
support a separate minor, as shown in FIGS. 7C-7E. Other 
suitable materials for the movable layer 170 include, but are 
not limited to, aluminum, aluminum alloys, chromium, and 
nickel. In other embodiments, the movable layer 170 may 
comprise multiple layers, such as Al/SiO, Ni/A1/AIO, and 
Ni/Al/SiO. It will be understood that, in the multi-layer 
embodiments, the movable layer 170 has a reflective layer 
having a backside comprised of a material resistant to the 
etchant. The movable layer 170 preferably connects, either 
directly or indirectly, to the substrate 20 around the perimeter 
of the movable layer 170. 

After the movable layer 170 is deposited and other steps to 
complete the device (e.g., patterning columns to cross with 
rows), the sacrificial material 140 is selectively removed. The 
skilled artisan will appreciate that the movable layer 170 may 
also be etched with openings or holes 172 so that the etch gas 
used for sacrificial layer removal can reach the sacrificial 
material 140. The skilled artisan will understand that the 
openings 172 can be etched by masking the movable layer 
170 with a mask (not shown) formed of, for example, photo 
resist, and etching through the mask. The mask is removed 
after the openings 172 are etched. It will be understood that, 
as part of the overall packaging process, the interferometric 
modulators are Subsequently sealed and protected from the 
environment Surrounding the package containing the inter 
ferometric modulators. Preferably, such holes or openings 
have a diameter as Small as the photolithographic system will 
permit. In an embodiment, holes or openings have a diameter 
in the range of about 2-6 microns. It will be understood that a 
stepper tool may be used to form openings that are smaller, 
less than one micron, and more preferably less than 0.5 
micron. The skilled artisan will understand that the size, 
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spacing, and number of openings will affect the rate of 
removal of the sacrificial material 140. 
As shown in FIG. 8H, the sacrificial material 140 is 

removed between the supports 18 surrounded by the “covers' 
formed of the protective material 160, preferably using a 
selective gas etching process (e.g., selective to the minor or 
movable layer 170, dielectric 130, and protective material 
160), to create the optical cavity 180 between the movable 
layer 170 and the dielectric layer 130 of the optical stack 16. 
After selective etching of the sacrificial material 140, the 
movable layer 170 is supported by and rests on the supports 
18 formed by the sacrificial material 140. 

Various etching processes (including wet methods and dry 
methods) and etchants may be used to remove the sacrificial 
material 140. Standard etching techniques well known in the 
art may be used to remove the sacrificial material 140. Suit 
able etching techniques include, for example, wet etching 
methods and dry etching methods. The particular etching 
process will depend on the material to be removed. 

Chemical dry etching methods typically involve exposure 
of gaseous, chemically reactive etchants to the sacrificial 
material 140, converting the material into volatile products 
that are removed, for example, by a vacuum source. Examples 
ofetchants useful in dry etching methods include mixtures of 
one or more gases, for example mixtures of an inert gas (e.g., 
Xe or Ar) with, for example, N2, F2, H2, CO, Cl, N.F. (e.g., 
NFs), C.F. (e.g., C.F.), and/or Si,F, (e.g., SiF). For 
example, Xenon difluoride (XeF) produce a dry etchant 
release gas for selectively removing a silicon, molybdenum, 
titanium, or tungsten sacrificial layer relative to protective 
materials 160, including, but not limited to, silicon oxide, 
silicon nitride, alumina, photoresist, and aluminum, as XeF. 
does not appreciably etch these materials. It will be under 
stood that this etching process is a selective etching process 
that does not etch the dielectric, semi-reflecting, or electrode 
materials, such as the illustrated movable layer 170, protec 
tive material 160, and the lower dielectric layer 130, or any 
etch-stop materials over these structures. 
An exemplary wet etchant is a phosphoric/acetic/nitric 

acid or “PAN' etchant, which can selectively remove, for 
example, Mo, Al, or Ge relative to various materials, includ 
ing, but not limited to, silicon oxide, silicon nitride, titanium, 
nickel, chromium, ITO, silicon carbide, and amorphous sili 
con. The skilled artisan will appreciate that a sacrificial mate 
rial 140 comprising tantalum and titanium, for example, may 
be removed by either wet or dry etch chemistries, including, 
but not limited to, etching by etchants, such as XeF, fluorine 
plasma (CF, NF, SF), and C1. A sacrificial material 140 
comprising magnesium is preferably removed using a wet 
etch chemistry, including, but not limited to, etching by 
etchants, such as HCl and HNO. 
A sacrificial material 140 comprising aluminum is prefer 

ably removed using a wet etch chemistry rather thana dry etch 
chemistry. Suitable wet etchants for an aluminum sacrificial 
material 140 include, but are not limited to, bases such as 
ammonium hydroxide (NH-OH) and TMAH organic base, 
phosphoric acid, HCl, PAN etchant, NaOH, and KOH. 
Although a wet etchant is preferred for removal of aluminum, 
a dry etchant, such as Cl2 plasma, can be used to remove 
aluminum. The skilled artisan will appreciate that wet 
etchants used to etch an aluminum sacrificial material may 
also remove aluminum, if any, on the backside of the movable 
layer 170 and that any such aluminum on the backside of the 
movable layer 170 should be protected from the etching with 
a thin (e.g., <100 A) dielectric layer. The skilled artisan will 
appreciate that, for embodiments in which the movable layer 
170 has aluminum on the backside, nickel (or any metal that 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

16 
is resistant to the etchant) can be used as the reflective mate 
rial on the backside of the movable layer 170, as nickel is 
resistant to etchants for aluminum. 

In some embodiments, the etching is monitored, for 
example, by monitoring the reflectivity of the device, or the 
etching products released. In other embodiments, the etching 
is conducted for a predetermined period of time. Those 
skilled in the art will understand that the etching rate of a layer 
depends on the thickness of the layer. In general, a thicker 
layer will etch more slowly than a thinner layer. As described 
above, the movable layer 170 may also be patterned to pro 
vide openings or holes 172 so that the etch gas used for 
sacrificial layer removal can reach the sacrificial material 
140. The skilled artisan will understand that the etching rate 
also depends on the number of the openings 172 and the size 
of the openings 172. 

In accordance with this embodiment, the resulting final 
structure of the interferometric modulator is shown in FIG. 
8H. As shown in FIG. 8H, the movable layer 170 on the top 
surface and the protective material 160 on the side walls 
together encapsulate the sacrificial material 140 to protect it 
from the release etch that creates the optical cavity 180. In a 
particularly preferred embodiment, the sacrificial material 
140 comprises molybdenum and the final resulting structure 
of the interferometric modulator has supports 18 having 
straight side walls. In this embodiment, the protective mate 
rial 160 may comprise photoresist or SOD. 

FIG. 9 illustrates the resulting final structure of an inter 
ferometric modulator fabricated in accordance with an alter 
native embodiment. In accordance with this embodiment, 
after the sacrificial material 140 is selectively removed from 
the structure shown in FIG.8G, the protective material 160 in 
the openings 150 surrounding the Supports are also removed. 
The selective removal may be performed by any type of 
selective etching process (wet or dry) so long as there is no 
SiO exposed to the etchant. For example, the skilled artisan 
will appreciate that an Al2O etch stop over the optical stack 
16 could be used or alternative dielectrics for the optical stack 
16. Alternatively, an ashing process may be used to remove 
the remaining protective material 160 in the openings 150. 
The skilled artisan will readily appreciate that the ashing 
process is used to remove protective material 160 comprising 
photoresist. 

According to another embodiment, after the protective 
material 160 is deposited, as illustrated in FIG. 8E, the pro 
tective material 160 is then etched back to the top surface of 
the sacrificial material 140 to form a “cover” over certain 
portions of the sacrificial material 140, as shown in FIG.10A. 
Preferably, the protective material 160 is etched after masking 
with a photolithographic process. These portions of the sac 
rificial material 160 under the “cover will serve as supports 
18 (FIG. 10D) in this embodiment. Preferably, the protective 
material 160 is etched back leaving a “cover slightly wider 
than the Support area to ensure covering the Support area in 
case of mask misalignment, as illustrated in the embodiment 
shown in FIG. 10A. Alternatively, as shown in FIG. 10B, the 
“cover is formed as an annulus only over the protective 
material 160 in the openings 150. As illustrated by the unre 
leased structure shown in FIG. 10C, the movable layer 170 is 
deposited over the structure after the protective material 160 
is etched to form the “cover.” Although FIG. 10C illustrates 
the movable layer 170 as deposited over the structure shown 
in FIG. 10A, the skilled artisan will understand that, in an 
alternative embodiment, the movable layer 170 may be 
deposited over the structure shown in FIG. 10B. The skilled 
artisan will understand that Subsequent steps of patterning, 
selective removal, etc., as described above, follow deposition 
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of the movable layer 170 to complete the device, resulting in 
the final structure of this embodiment, schematically shown 
in FIG. 10D. 

Alternatively, in an embodiment where the protective 
material 160 is photoresist, after selective removal of the 
sacrificial material 140 shown in FIG. 10A, anashing process 
may be used to remove the remaining protective material 160 
in the openings 150, leaving protective material 160 only on 
the top surface of the sacrificial material 140 in the area for 
forming the support structure. The skilled artisan will under 
stand that an ashing process may be used to remove the 
remaining protective material 160 in the structure shown in 
FIG. 10B after selective etching of the sacrificial material 
140. 

According to one embodiment, a layer of photoresist 200 
may be spun over the structures shown in FIGS. 10A and 10B 
prior to deposition of the movable layer 170, as illustrated in 
FIG. 11A. The removal of the protective material 160, along 
with this additional layer of photoresist 200, from the top 
surface of the sacrificial layer 140 results in a device having 
an even more planarized movable layer 170. This layer of 
photoresist 200 has a thickness that is preferably on the same 
order as the thickness of the protective material 160. Thus, the 
skilled artisan will understand that, for example, if the pro 
tective material has a thickness of about 1000A, the thickness 
of the photoresist layer 200 is preferably in the range of about 
500-2000 A. According to this embodiment, the photoresist 
layer 200 is then patterned and etched so that it covers only the 
protective material 160, as shown in FIG. 11B. The photore 
sist layer 200 and protective material 160 are then both 
removed, preferably by plasma-etching, to yield the structure 
shown in FIG.11C. The photoresist layer 200 helps minimize 
dishing of the top surface of the protective material 160 within 
the openings 150 when the protective material 160 is 
removed. As shown in FIG. 11C, the movable layer 170 has a 
top surface that is only slightly dished in portions over the 
openings 150 filled with protective material 160. According 
to this embodiment, the movable layer 170 is even more 
planarized than the movable layer 170 in the embodiment 
shown in FIGS. 8H and 10D. 

In another embodiment, to form a Support structure, a 
self-planarizing material. Such as photoresist, can be used to 
isolate a portion of sacrificial material until after selective 
removal of the sacrificial material is performed. FIGS. 12A 
12I depict a process for forming a device comprising Such a 
support structure. As noted above, the skilled artisan will 
understand that the attached Figures are drawn illustrate the 
sequence of steps described herein and are not drawn to scale. 

In FIG. 12A, it can be seen that a sacrificial material 140 
has been deposited over an optical Stack 16, and a mechanical 
layer, which in this embodiment is a movable reflective layer 
170, has been formed over the sacrificial material 140. The 
sacrificial material 140 is deposited to a thickness preferably 
in the range of about 1000-4000 A. As shown in FIG. 12A, 
apertures 322 are etched in the movable reflective layer 170, 
surrounding a portion 324 of the movable reflective layer 170. 
This portion 324 of the movable layer 170 is positioned over 
the area of the sacrificial material 140 that will form the 
support structures. FIG. 12B is a top view of the partially 
fabricated device at the stage of FIG. 12A. (FIG. 12A is a 
cross-section of the device taken along line 12A-12A) As can 
be seen in FIG. 12B, the apertures 322 do not completely 
isolate the portion 324 of the movable reflective layer 170 
from the rest of the layer 170. 

In FIG. 12C, it can be seen that the sacrificial material 140 
immediately underneath the apertures 322 has been etched to 
form a cavity 326 surrounding a residual column 328 of 
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sacrificial material 140. A timed etch process is preferably 
used to etch the sacrificial material 140. The etch process 
which forms the cavity 326 may also partially undercut the 
movable reflective layer 170. The shape of the cavity 326 can 
be more clearly seen in FIG. 12D, which is a top view of the 
partially fabricated device at the stage of FIG. 12C. The edge 
of the remaining sacrificial material is indicated by a dashed 
line. As can be seen, the cavity 326 is an annular cavity 
Surrounding a column 328 of sacrificial material. 

In FIG. 12E, it can be seen that a layer of self-planarizing 
material 330 has been deposited, filling the cavity 326 and 
extending over the movable reflective layer 170. In an 
embodiment, the planarizing material 330 may comprise a 
photoresist. The thickness of the planarization material 330, 
from the top surface of the movable layer 170 to the top 
surface of the planarization material 330, is preferably in the 
range of about 3000 A to five microns, and more preferably 
about one micron. In FIG. 12F, the planarizing material 330 
has been patterned and etched, and the underlying movable 
reflective layer 170 has been patterned and etched, forming 
etch holes 334, which extend through the planarization layer 
330 and the movable layer 170 to the sacrificial material 140. 
It will be understood that the etch holes 334 are provided for 
selective removal of the sacrificial material 140. In an 
embodiment in which the planarization layer 330 comprises a 
photoresist, no etching of the planarization material 330 may 
be necessary. In the illustrated embodiment, the planarization 
material 330 within the cavity 326 has also been etched, 
although the column 328 remains insulated by the planariza 
tion material 330, as shown in FIG. 12F. Advantageously, this 
patterning will facilitate the later removal of the planarization 
material 330, such as by resistashing. 

In FIG. 12G, an etching process is performed to selectively 
remove the sacrificial material 140 via the etch holes 334. As 
can be seen, the column 328 of sacrificial material remains, as 
it is protected from the etch by the planarization material 330. 
In FIG.12H, the planarization material is removed, such as by 
an ashing process, leaving a column 328 of sacrificial mate 
rial which serves as a support structure. FIG. 12I is a top view 
of the device of FIG. 12H, in which it can be seen that the 
column 328 underlies the portion 324 of the movable reflec 
tive layer 170, providing support for the entire layer. 
As the movable mechanical layer 170 was deposited on a 

planar sacrificial layer, it can be seen that the movable layer 
170 advantageously remains substantially flat. This substan 
tial flatness minimizes the likelihood that residual stresses 
within the layer 170 will pull it upwards or downwards from 
the flat position, and also minimizes the likelihood that any 
residual stresses will encourage delamination, pulling away 
from the column 328, which serves as a support structure. 
Thus, the flat nature of the deposited movable layer 170 both 
minimizes the effect of the residual stresses and the magni 
tude of the residual stresses themselves. Furthermore, 
because the column can be made substantially cylindrical, the 
actuation of the movable layer to a collapsed position against 
the optical stack 16 is less likely to result in mechanical 
failure near the edges of the Support structure, as might occur 
over time in a Support structure having unsupported wings. 

Those skilled in the art will understand that changes in the 
device and manufacturing techniques described above are 
possible. For example, component and/or steps may be added 
and/or removed, and the sequence of steps may also be 
altered. Moreover, the methods, structures, and systems 
described herein are useful for fabricating other electronic 
devices, including other types of MEMS devices and other 
types of optical modulators. 
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While the above detailed description has shown, described, 
and pointed out novel features of the invention as applied to 
various embodiments, it will be understood that various omis 
sions, Substitutions, and changes in the form and details of the 
device or process illustrated may be made by those skilled in 
the art without departing from the spirit of the invention. As 
will be recognized, the present invention may be embodied 
within a form that does not provide all of the features and 
benefits set forth herein, as some features may be used or 
practiced separately from others. 

We claim: 
1. A microelectromechanical systems device comprising: 
a substrate having a first electrode layer formed thereon; 
a second electrode layer formed over the first electrode 

layer and spaced apart from the first electrode layer by a 
cavity; 

at least one support structure formed below a portion of the 
second electrode, the at least one Support structure com 
prising side Surfaces Surrounding the Support structure, 
wherein the at least one Support structure is configured 
to support the second electrode layer over the cavity; and 

a protective material Surrounding the at least one Support 
structure to isolate the at least one Support structure from 
the cavity, wherein the protective material comprises a 
side cover that covers the side Surfaces and a top cover 
that covers a top surface of the Support structure, and 
wherein an outer diameter of the top cover of the pro 
tective material is greater than an outer diameter of the 
side cover of the protective material, and wherein a 
portion of the protective material is positioned between 
the portion of the second electrode layer and the top 
Surface of the Support structure, 

wherein the protective material is selected from the group 
of a self-planarizing material, photoresist, and spin-on 
dielectric. 

2. The microelectromechanical systems device of claim 1, 
wherein the at least one support structure is formed over the 
first electrode layer and the protective material is a self 
planarizing material. 

3. The microelectromechanical systems device of claim 1, 
wherein the protective material comprises photoresist. 

4. The microelectromechanical systems device of claim 1, 
wherein the protective material comprises spin-on dielectric. 

5. The microelectromechanical systems device of claim 1, 
wherein the second electrode layer is configured to be mov 
able. 

6. The microelectromechanical systems device of claim 1, 
wherein the protective material has a thickness in a range of 
about 500 A to one micron. 

7. The microelectromechanical systems device of claim 1, 
wherein the at least one Support structure comprises an inor 
ganic material. 
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8. The microelectromechanical systems device of claim 1, 

wherein the at least one Support structure comprises a mate 
rial selected from the group consisting of silicon, molybde 
num, tungsten, and titanium. 

9. The microelectromechanical systems device of claim 1, 
wherein the first electrode layer has a dielectric top surface 
exposed to the cavity. 

10. The microelectromechanical systems device of claim 1, 
wherein the second electrode layer comprises an aluminum 
Surface exposed to the cavity. 

11. The microelectromechanical systems device of claim 1, 
wherein the at least one support structure is selectively etch 
able with respect to the protective material. 

12. The microelectromechanical systems device of claim 
11, wherein the at least one support structure is etchable by 
Xenon difluoride. 

13. The microelectromechanical systems device of claim 1, 
wherein the protective material comprises a dielectric mate 
rial. 

14. The microelectromechanical systems device of claim 1, 
wherein the side surfaces of the support structure are vertical. 

15. A method of making an interferometric modulator 
device, comprising: 

providing a Substrate having a first electrode layer formed 
over the substrate; 

forming at least one Support structure over the Substrate, 
whereinforming the at least one Support structure com 
prises: 
depositing a sacrificial material over the first electrode 

layer, 
etching at least one annular opening in the sacrificial 

material after depositing the sacrificial material, and 
filling the at least one annular opening with a protective 

material to define the at least one Support structure 
having side Surfaces Surrounded by the protective 
material while covering at least a portion of a top 
surface of the support structure with the protective 
material; 

forming a second electrode layer over the first electrode 
layer and the at least one Support structure after forming 
the at least one Support structure; and 

creating a cavity between the first electrode layer and the 
second electrode layer after forming the second elec 
trode layer, by selectively removing the sacrificial mate 
rial outside of the protective material after forming the 
second electrode layer. 

16. The method of claim 15, wherein the sacrificial mate 
rial comprises a material selected from the group consisting 
of silicon, molybdenum, tungsten, titanium, and photoresist. 

17. The method of claim 15, wherein creating the cavity 
comprises etching using Xenon difluoride. 

18. The method of claim 15, wherein the protective mate 
rial comprises a dielectric material. 
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